We describe a method, termed reverse chromosome painting, which allows the rapid analysis of the content and breakpoints of aberrant chromosomes. The method involves the sorting of small numbers of the aberrant chromosome from short term blood culture preparations or cell lines by using bivariate flow karyotype analysis. The sorted chromosomes are amplified and biotin labelled enzymatically using a degenerate oligonucleotide-primed polymerase chain reaction (DOP-PCR), the product annealed to metaphase spreads from normal subjects, and hybridisation detected using fluorescence in situ hybridisation (FISH). We show the usefulness of this method for routine clinical cytogenetics by the analysis of cases involving an insertion, a deletion, a translocation, and two cases of a chromosome with additional material of unknown origin. The method has particular application for the rapid resolution of the origin of de novo unbalanced chromosome duplications.
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The development of chromosomal in situ suppression (CISS) hybridisation with flow sorted chromosome libraries and the detection of signals by non-isotopic meansl4 has provided a powerful tool for the rapid analysis of human chromosome aberrations. The use of these techniques, termed chromosome painting, is becoming increasingly widespread in the routine clinical cytogenetics laboratory. 56 In conventional chromosome painting, a typical investigation would involve initial banding studies for the identification of abnormal chromosomes followed by painting of the patient's metaphase spreads with the appropriate chromosome library or libraries. This strategy works efficiently for confirmation and refinement of the diagnosis of abnormal karyotypes in cases where banding analysis can provide an indication of which chromosome libraries to use. However, for chromosomes with small rearrangements or chromosomes containing additional chromosomal material of unknown origin, the only approach is to try each library in turn until hybridisation of the abnormal chromosome is observed. 6 An additional limitation of the traditional chromosome painting approach in such cases is that subchromosomal region information Biotinylation was achieved by subjecting 300ng of primary PCR product in reaction buffer as above but supplemented with dUTP-1 1-biotin (0-28 mmol/l final concentration, Sigma) to further amplification (initial denaturation at 94°C for three minutes followed by 25 cycles of 94°C for one minute, 62°C for 2 minutes, and 72°C for three minutes, final extension at 72°C increased to 10 minutes). All PCR reactions were performed on a Trio thermal cycler (Biometra) and product concentration was determined using a TKO 100 DNA fluorometer (Hoefer).
CISS HYBRIDISATION AND PROBE DETECTION
Hybridisations and detection were carried out using a modification of the procedure described by Pinkel et al. 4 The patient was a 33 year old female, para 2 + 2 (the two fetal losses were terminations of pregnancies with neural tube defects). The first live born was a normal male; however, the second was a male with unilateral coloboma of the iris and choroid, a possible midline brain defect identified on scan, and hypotonia. Chromosome analysis of cultured lymphocytes from the second male child showed an abnormal karyotype, 46,XY, 13q-. Maternal chromosomes showed an interstitial deletion/ insertion involving chromosomes 1 and 13, with a segment around band q33 on the long arm of chromosome 13 inserted into p36 on the short arm of chromosome 1 (fig 2) . The karyotype was interpreted as 46,XX,ins (1;13)(p36;q32q34). It was noted that band 13q33 appeared to resolve into two bands when inserted into chromosome 1 and various interpretations were considered.
From the maternal flow karyotype (fig 3) , it can be seen that the chromosome 13 with the deletion is readily resolved but that the chromosome 1 with the insertion could not be separated from the normal chromosome 1. Therefore, it was necessary to sort both of these chromosomes 1 to produce the paint involving the inserted chromosome. A typical normal male metaphase hybridised with this paint is shown in fig 4. In addition to the two normal chromosomes 1, signal was detected on the graphics display from distal 13q31, through 13q32, and involving a large part of 13q33. These breakpoints were confirmed by analysis of the paint derived from the chromosome with the deletion (data not shown). The origin and position of the insertion was confirmed when a normal chromosome 13 (fig 2) .
The flow karyotype of the child is shown in fig 6 . The t(7;21) is confirmed by half the fig 2) . As the short arm of the aberrant chromosome 21 was AgNOR and C band negative, we were unable to determine the origin of the additional euchromatic material using the conventional cytogenetic approach. Parental karyotypes were normal, confirming that this unbalanced chromosome duplication had occurred de novo.
The flow karyotype of this boy is shown in fig 7 . As well as heteromorphisms of chromosomes 13, 20, and 22, the normal chromosome 21 and the derivative chromosome 21 are resolved clearly. Both the normal chromosome 21 and derivative chromosome 21 were sorted separately for amplification by PCR. The paint generated from the normal chromosome 21 showed hybridisation only to chromosomes 21 on a normal male metaphase spread ( fig 4D) . However, the derivative chromosome 21 paint showed hybridisation on normal metaphase spreads to chromosomes 21, acrocentric short arms, and to the region q32. 1--qter of chromosomes 14 ( fig 4E) . From this analysis the child has a duplication of chromosome 14 involving region q32.1 -+qter. In this case the diagnosis of chromosome 14 as the source of the additional material in the derivative chromosome 21 was confirmed by hybridising metaphases from the child with a DOP-PCR paint generated from normal chromosomes 14 sorted from a lymphoblastoid cell line. Fig 4F shows an example of this conventional painting analysis where both chromosomes 14 and the distal part of the short arm of one chromosome 21 display fluorescent signal. CASE 5 The patient, a 6 year old girl tall for her age, was referred for investigation because of developmental delay and mild dysmorphic features. Chromosome analysis of cultured lymphocytes (fig 2) showed a female karyotype with additional material on the short arm of chromosome 8 distal to 8p22 (karyotype 46,XX,8p+). As a result of the addition, the region 8p22-pter was estimated to be approximately twice the normal size. However, the chromosomal origin of the extra material could not be determined by GTL set around this region in an attempt to include as little of chromosomes X and 7 as possible but contamination with these chromosomes was inevitable. The paint generated from this sort shows strong hybridisation to the chromosomes 8 on metaphase spreads of a normal male ( fig 9A) for cases of this type as both the chromosomal origin and subchromosomal localisation of the de novo duplication is visualised directly. Conventional hybridisation onto the patient's chromosomes with a normal chromosome 14 paint (as in fig 4F) indicated that this additional material was indeed derived from chromosome 14, but cannot provide information as to which region of chromosome 14 was involved. In hindsight, it can be seen in fig 2 that the small G dark band in the short arm of the derivative chromosome 21 (which did not silver stain) is consistent with the presence of band 14q32.2.
The diagnosis of an intrachromosomal duplication was made by reverse painting in case 5 where, once again, the source of the additional material arising de novo on 8p was not evident on conventional banding. In this case, while the chromosome 8 origin of the duplication is clear, it is not possible to determine the regional localisation of the duplication by reverse painting. Regional chromosome paints made from sorting appropriate translocation derivatives should help to resolve this difficulty. Once the duplication is localised, chromosome 8 specific probes derived from the region could be used to define its extent more accurately. Nevertheless, this case shows the value of the method for the initial detection of intrachromosomal aberrations.
Only in case 2 was there slight disagreement in breakpoint assignment between the two analysis techniques. The GTL banding pattern on the long arm of the derivative chromosome shown in fig 2 can only be explained by the loss of distal 16q13 and most but not all of 16q21. While reverse painting showed that the proximal end of the deletion occurred distal in 16q13 in agreement with banding analysis, all of band 16q21 appeared to be lost. One explanation for this discrepancy could be the difference between band positions of GTL banded and RBF banded preparations. Alternatively, although the visualisation of breakpoints using the reverse banding technique appears to be remarkably specific even on relatively short chromosomes, the fluorescence complex itself lies above the chromosome and some positional error is likely to occur. The amount of complex formed, which is dependent on probe and detection reagent concentrations, will determine the degree of spreading of the signal around the hybridisation site. Another important factor is the setting of the gain and threshold of the detection hardware, as it is possible by using inappropriate settings for fluorescence signal to spread out from the specific hybridisation site. These factors, while controlled in this study, can all lead to a slight overestimation of the length of a painted section of a chromosome and thus may provide inaccurate breakpoint analysis unless this point is appreciated.
Some other limitations to the usefulness of the reverse chromosome painting technique should be mentioned. The DOP-PCR amplification, although producing relatively even signal on the euchromatin of chromosomes, often fails to paint highly repetitive sequences in acrocentric short arms, at the centromere, and in some heterochromatic regions. This can be seen in fig 4 where centromeres and in some cases acrocentric short arms are not painted.
This effect is either because of the failure of these sequences to amplify (the DOP-PCR amplification is specific for the most 3' six base sequence) (Telenius et al, in preparation) or,
